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 1 
INTRODUCTION 
Photonic band gap (PBG) crystals, constituted of periodic dielectric structures, 
prohibit the propagation of electromagnetic (EM) waves of certain frequency range in any 
direction within the structures. The behavior of electromagnetic waves in a PBG crystal is 
analogous to that of electrons in a semiconductor in which a bandgap exists between the 
valence and the conduction bands. PBG crystals can be one-dimensional, two-dimensional, 
or three-dimensional. Potential applications of PBG crystals include thresholdless lasers, 
single-mode light emitting diodes, and wavelength filters. If defects are introduced in the 
crystals, photons can be manipulated so that they will travel in a guided pattern. This 
property broadens the applications of PBG crystals to optical waveguides and optical 
integrated circuits, which could lead to the development of higher speed computers. 
 The objective of this research is to economically fabricate proof-of-principle 
prototypes of 3-D PBG crystals, which are layer-by-layer (LBL) structured and have the band 
gap in the mid-infrared to visible wavelength range. A polymeric mold is first synthesized by 
a soft lithography technique. Aqueous ceramic slurries are used as the infilling materials. The 
surface of the mold is treated to improve its wetting characteristics and subsequent slurry 
infiltration. After calcination, the mold is removed and a 3-D dielectric PBG structure with 
simple tetragonal and face-centered-tetragonal (FCT) alignments can be produced.  
 
Thesis Organization 
 This thesis is divided into three main sections, the literature review, the experimental 
approach, and results and discussion. The literature review introduces the general concept of 
photonic band gap crystals, especially three dimensional PBG crystals that are LBL 
structured, which is the focal area of this research. Detailed experimental procedures and 
fabrication techniques of polymeric molds and ceramic samples are included in the 
experimental approach section. The final section contains the results of sample 
characterization and discussion of these results. The thesis also explores the potential future 
work.  
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LITERATURE REVIEW 
 
 
A. Photonic Band Gap Structure 
 
 Since the concept of photonic band-gap (PBG) crystals, or photonic crystals, was 
introduced by Eli Yablonovitch almost two decades ago, significant developments and 
progress have been made by many theorists and experimentalists [1].  
 Unlike naturally existing crystals, PBG crystals are synthetically fabricated periodic 
structures to manipulate electromagnetic (EM) waves. Within these designed media, though 
the majority of the EM waves are able to propagate freely, there are EM waves of certain 
frequency range cannot propagate in one or all directions depending on the configuration and 
dimensionality of the structure. Therefore, PBG crystals can be categorized into three groups 
with respect to the dimensionalities of the crystals.  
 
(1). One-dimensional (1-D) PBG crystals 
  
One-dimensional (1-D) PBG crystals are the simplest photonic crystals. In general, 1-
D photonic crystals are in the form of a multilayer film made of alternating layers of two 
materials with different dielectric constants (or indices of refraction) so that the structure is 
only periodic in one direction. (Figure 1 (a)) They are usually known as a Bragg mirror or 
multilayer reflector. [2] The propagation of EM waves in a one-dimensional periodic 
structure was first studied by Lord Rayleigh in 1887 and the optical properties of multilayer 
films have been widely studied and utilized for decades, but it was not until recently that they 
are regarded as one category of the 1-D photonic crystals. Classically speaking, in a 1-D 
photonic crystal, incident plane waves which propagate perpendicularly to the direction of 
periodicity interact with the two alternating layers and reflections will take place at the layer 
interfaces for light of certain frequencies, which will be partially reflected back at each layer 
of the 1-D periodic structure in the incident direction. Therefore, the reflected waves of the 
same frequency will be in phase, constructive interference takes place, and a standing wave is 
formed so that the light cannot propagate further through the structure. [3] The frequency 
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range over which a photonic band gap exists is very narrow, and total reflection of just one 
frequency of light is possible. Even though the theory is derived with light propagating 
perpendicular to the periodic structure in one direction, it has been found that 
omnidirectionality of 1-D photonic crystals in many frequency ranges of interest is possible. 
[4]  
 
Figure 1: Schematics of one, two, and three dimensional photonic crystals [5] 
 
In a different approach, the analysis of band structures is utilized to explain the origin of 
photonic band gaps by Joannopoulos et al. [5] In this analysis, analogy is drawn between the 
behavior of light in 1-D periodic structures and the behavior of electrons in 1-D 
semiconductors. The energy dispersion relation of an electron in vacuum with respect to 
electronic wave vectors is a continuous parabolic curve without any gap. When a periodic 
potential is present, an electronic band structure is formed in which there exists a valence 
band, a conduction band, and an electronic band gap in between. In the case of a photon, the 
frequency spectrum is linearly related to the wave factor. When there is a periodic dielectric 
medium present, an air band, a dielectric band, and a photonic band gap (stop band) exist. 
(Figure 2) Unlike electrons in semiconductors for which their band structure is confined 
within atomic scales due to de Broglie wavelength, electromagnetic waves are scalable and 
the photonic frequency band gap position is dependent on the size of the periodic structure, 
and the periodicity of the structure is comparable the wavelength of the light to prevent its 
propagation in the structure. Therefore, PBG crystals for the infrared and optical range 
(a) (b) 
 
(c) 
 4 
require submicron-sized periodic structures. Additionally, as the dielectric contrast, the 
difference between the dielectric constant of the two materials, is increased, the gap width is 
also increased correspondingly. Such an approach is easily applied to the more complicated 
2-D and 3-D photonic crystals.  
 
Figure 2: Energy dispersion relations of electron and photon in 1-D space [6] 
 
 
(2). Two-dimensional (2-D) PBG crystals 
 
 A 2-D photonic crystal is constructed so that it is periodic in two directions and 
homogenous in the third. Therefore, band gaps can exist for the plane which contains the 
periodicity. Because electromagnetic waves can be divided into TM (transverse magnetic) 
mode and TE (transverse electric) mode by polarization symmetry, we can have two basic 
topologies for 2-D PBG crystals corresponding to the polarizations. (Figure 3) These two 
hexagonally-shaped topologies are chosen because they produce the largest gaps possible in 
2-D photonic crystals. Their corresponding gaps are also given in Figure 3. In addition, 
besides the TE gap, the air-hole lattice can exhibit a complete photonic band gap for both 
polarizations if the diameter of the holes is large enough and the topologic region between 
 5 
three adjacent air-hole tubes becomes “rod-like”. The complete gap is achieved when the TE 
gap of the air-hole overlaps with the TM gap of the “rod-like” region. The influence of 
introducing defects into 2-D photonic crystals has also been investigated, and the discovery 
of 2-D photonic crystals has found applications in single-mode light emitting diodes, 
waveguide in the optical domain, and planar antenna substrates. [8] However, 2-D PBG 
crystals are not completely lossless if light leaks out of the periodic plane. This drawback 
places limitations on the use of 2-D photonic crystals.  
  
Figure 3: 2-D photonic crystals of two kinds of topology and their band structures (a) hexagonally arranged 
rods of high dielectric materials in air, (b) hexagonally arranged air-hole tubes in a high dielectric media, and 
their corresponding gaps [7] 
(a) 
(b) 
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(3). Three-dimensional (3-D) PBG crystals 
 
3-D photonic crystals have full photonic band gaps in all three directions in space. 
The parameters that influence the band gap structure, thus the optical properties of a 3-D 
photonic crystal, are the symmetry of the structure, the dielectric constant contrast, the filling 
ratio, the structural topology, and the shape of the scattering centers. [6] In order to have a 
complete band gap, the Brillouin Zone (BZ) in reciprocal space should be constructed as 
closely as possible the shape of a sphere to allow frequency overlapping in all directions in 
space. [9] The first-order BZ of a Face-centered cubic (FCC) structure has the closest 
resemblance to a sphere. If the requirements of parameters above are fulfilled, such as a high 
enough dielectric contrast (ε1/ε2 ≥ 2), a full photonic band gap can exist in the band structure. 
A typical first-order BZ of a FCC structure and its band structure is illustrated in Figure 4. 
 
 
 
Figure 4: (a) First-order BZ of a FCC structure and (b) its corresponding band structure, most applications will 
require at least a 10% gap/mid-gap ratio [10] 
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The first periodic dielectric structure to possess a completely full 3-D photonic band gap was 
the diamond structure with the tetrahedral symmetry and was discovered by Ho et al in Iowa 
State University. [11] However, the diamond structure is not easy to make experimentally, 
especially at the micron and submicron length scales for infrared and optical applications. 
Modified forms of the diamond structure were developed in order to make the fabrication of 
3-D photonic crystals possible. The first successfully experimentally fabricated 3-D photonic 
crystal was constructed by Yablonovitch et al. in 1991 and was given the name Yablonovite. 
(Figure 5) [12]  
 
 
Figure 5: Schematic of the Yablonovite 3-D PBG crystal construction. A slab of dielectric material is covered 
by a mask containing a triangular array of holes. Each hole is drilled through three times at a 35.26º angle away 
from normal and spread out at 120º on the azimuth with respect to each other. The resulting structure below the 
slab is a fully 3-D periodic FCC structure with the band gap in microwave region. The removed volume fraction 
is 78%. [12] 
 
Since the invention of Yablonovite, there has been numerous fabrication techniques 
proposed and investigated for making 3-D photonic crystals at various length scales. Among 
them are the “woodpile” layer-by-layer structure, which will be fully discussed in next 
section, and the colloidal self-assembled inverse opal structure. Both techniques produce 
diamond-like FCC structures.  
 The inverse opal structure, which is also known as a macroporous structure, is 
fabricated by using small templates (typically in nanospherical shape), which can self-
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assemble to produce close-packed FCC structures with multiple layers. The templates are 
self-assembled and grown by sedimentation, flow injection, or meniscus evaporation for 
colloidal crystals and the ceramic materials are usually infiltrated into the templates by sol-
gel processing. [13] The commonly used templates are spherical polystyrene (PS), [13] 
poly(methyl methacrylate) (PMMA), [14] and silica. [15] After the self-assembled FCC 
structure is back-filled with a high dielectric ceramic material, the original templates can be 
removed by heat treatment for the polymeric templates (PS or PMMA) or by HF etching for 
silica and the inverse opal structure is revealed. [13-15] Full band gaps have been shown with 
silicon inverse opal crystals at micrometer length scales [15] and other ceramic inverse opal 
crystals in the visible spectral range [14] were also successfully fabricated by this two-step 
inverse opal technique. Furthermore, Subramania et al at Iowa State University found that 
the inverse opal structures can be obtained by ordering the PS templates and infilling the 
ceramic material simultaneously. [16] (Figure 6) It is also reported that the use of ceramic 
nanoparticles instead of a sol-gel precursor as the infilling material can greatly reduce the 
firing shrinkage of the final structure during the removal of the polymeric templates. [16] 
 Although the colloidal self-assembly has been proven to be a fairly rapid fabrication 
method to achieve large 3-D photonic crystals, the final structures usually contains undesired 
defects such as vacancies, grain boundaries, and line breaks, etc. Even if the quality of the 
inverse opal structures can be improved, it is almost impossible to introduce specific defects 
for most potential practical applications by self-assembly. Therefore, attention has been 
focused on the layer-by-layer periodic structures.  
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Figure 6: SEM image of a colloidal 3-D photonic crystal using 479-nm polystyrene spheres with titania as the 
infilling material. The dark regions under the first layer correspond to the position of the spheres in the next 
layer. [16] 
 
 
B. Layer-by-layer 3-D PBG structures 
 
A layer-by-layer (LBL) structure, which is also named the woodpile structure, that 
could exhibit a full 3-D photonic band gap was first proposed by Ho et al. [17] In designing 
the LBL structure, layers of dielectric rods are stacked in a sequence such that every four 
layers repeats with a distance, c. Within each layer, the rods are parallel to each other and 
separated by a periodic distance, a. The adjacent layers are arranged so that they are oriented 
90º to each other and the second neighbor layers are shifted by a half distance (0.5a) in the 
direction perpendicular to the rod axes. A schematic of the woodpile structure with 
rectangular cross-sections is shown in Figure 7. Furthermore, changing the rods to circular 
or elliptical cross-sectional shapes does not critically affect the performance of the crystals 
even if the aspect ratio is changed. Thus, it was concluded that the photonic band gap is 
insensitive to such structural details. It was also pointed out that for c/a = 2 , the structure 
can be considered as an FCC structure with a basis of two rods; otherwise the symmetry is 
face-centered-tetragonal (FCT). However, Ho et al state that the c/a ratio can be varied but an 
optimized full band gap can still result with a relatively high gap/mid-gap ratio, provided that 
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the dielectric contrast of the material to that of air is greater than 1.9 and the filling ratio of 
the solid material in the structure is at its optimum. [17] 
 
 
Figure 7: Woodpile LBL photonic crystal structure [18] 
 
  
The first woodpile structure was built by Ozbay [19] in the microwave range by 
stacking alumina cylindrical rods (refractive index = 3.1) and in far-infrared range by silicon 
micromachining on (110)-oriented silicon wafers. Transmission characteristics of these 
crystals showed a good agreement with the calculated theoretical values. Lin et al later 
utilized microelectronics fabrication techniques to build infrared-range-wavelength LBL 
photonic crystals which are made of polycrystalline silicon (refractive index = 3.6). (Figure 
8(a), (b))[20] It was found that when the EM waves propagate along the stacking direction, 
the Fourier-transform infrared (FTIR) transmission spectrum shows a strong dip in 10-14µm, 
indicating the existence of the 3-D photonic band gap in this range, and the dip becomes 
more evident as the number of layers is increased from 2 to 5. (Figure 8(c)) The gap/mid-gap 
ratio = 40% is large. With such a large 3-D gap, a detailed manipulation of photonic defect 
states is plausible for many practical applications.  
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Figure 8: SEM micrographs of the poly-Si photonic crystal (a) viewed along the stacking direction (b) and 
viewed from cross-section, the spacing between adjacent rods is 4.2µm, rod with is 1.2µm, and the layer 
thickness is 1.6µm, (c) the transmission spectrum is also shown for light propagating along the stacking 
direction. [20] 
 
 
Noda et al have utilized wafer fusion technique and laser beam-assisted alignment 
technique to successfully produce 4-layer, 8-layer, and 9-layer LBL structures made of 
semiconducting material, gallium arsenide (GaAs), with periodicities of 4µm and 0.7µm. 
(Figure 9) The 0.7µm structure showed a full photonic band gap in the near optical 
wavelength region (1.55µm), and point defects were introduced into the structures in order to 
access the feasibility of controlling light in this regime. [21-23] 
 
 
(a) (b) 
(c) 
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Figure 9: (a) SEM micrographs of the photonic crystal fabricated by wafer fusion technique and laser beam-
assisted alignment technique (b) and at lower magnification, (c) and the transmission spectrum is also shown for 
light propagating along the stacking direction. [23] 
 
In summary, since the introduction of the woodpile LBL structure, many fabrication 
techniques have been investigated for fabricating such photonic structures and examining the 
influence of purposefully introduced defects. However, most of the techniques are very 
complicated and costly because of the required environment, such as clean room, and 
expensive instruments involved. In this work, a soft lithography technique is used to first 
fabricate the polymeric woodpile LBL structures, then ceramic materials of high dielectric 
constant are infiltrated into the structure. After infiltration and sintering, the inverse structure, 
which is also layer-by-layer woodpile, is formed. The advantages of this technique are that it 
is cost-effective, easy to fabricate, and does not require clean room. The later section will 
discuss how to make such inverse polymeric structures. 
(a) 
(b) 
(c) 
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C. LBL Fabrication methods of Polymeric Molds 
 
Soft lithography was first introduced by Xia and Whitesides as a non-
photolithographic way for micro- and nanofabrication. [24] In this technique, a patterned 
elastomeric stamp, which can be made of poly(dimethylsiloxane) (PDMS), is first prepared 
by cast molding, in which a prepolymer of the elastomer is poured over a master having 
relief structure. (Figure 10) After being thermally cured, the rigid PDMS mold is peeled off 
and ready for further use. The master can be fabricated by Ultra-violet (UV) 
photolithography with photoresist structure patterned on solid support such as silicon wafers. 
Therefore, the pattern on the PDMS stamp has the negative profile and topography of the 
master.  
 
 
Figure 10: Procedure of making the PDMS stamp from a master having relief structure on its surface [24] 
  
In microtransfer molding (µTM) technique of the soft lithography, a thin layer of 
liquid prepolymer (organic polymers or sol-gel precursors) is applied and filled the patterned 
surface area (usually in micro-scale) of a PDMS mold. The excess prepolymer is removed 
from the top of mold. The PDMS mold, with prepolymer filled in the patterned area, is 
placed in contact with a substrate. The prepolymer is converted to solid by UV-curing or 
thermal curing. When the PDMS mold is carefully peeled off the substrate, a patterned 
microstructure remains.  
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For the purpose of making LBL polymeric structures, the photoresist structure on the 
solid support of the master is a series of parallel bars, and the resultant PDMS stamp is 
patterned in the form of parallel troughs. By using the µTM technique, a one-layer 2-D 
parallel polymeric bar structure in micro-scale is formed. In order to make 3-D layer-by-layer 
structures, Jae-Hwang Lee et al from Iowa State University demonstrated an improved 
microtransfer molding method called two-polymer microtransfer molding (2P-µTM) by 
which successful LBL polymeric structures can be made. [25] In 2P-µTM, two prepolymers 
are used, one as the filler in the PDMS troughs, and the other as the adhesive to enhance the 
bonding strength between the first layer and the substrate and also between adjacent layers. 
The filler is UV-curable polyurethane (PU) and the adhesive is polymetacrylate (PA). A wet-
and-drag (WAD) infilling method is used to apply both prepolymers. After a series of UV 
curing of the prepolymers, a single-layer PU parallel bar structure is formed with a thin layer 
of PA on top of each PU bar. The dimensions of the bars are 1.4µm in width and 1.1µm in 
height. A two-layered woodpiled PU structure can be made by simply stacking the second 
layer on to the first one with the bar direction arranged so they are 90º against each other. 
(Figure 11) LBL structures with higher number of layers can be fabricated using the same 
process. The 2P-µTM technique is residue-free and has a higher transfer yield for each layer 
than the conventional µTM technique. A 12-layered PU mold was successfully built using 
this technique. (Figure 12)  
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Figure 11: Schematic of the two-polymer microtransfer molding process [25] 
 
 
Figure 12: SEM image of a 12-layer LBL PU mold built by 2-P µTM technique [25] 
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D. Vacuum-assisted Colloidal Infiltration  
 
Even though layer-by-layer polymeric structures can be successfully produced by the 
previously described technique, polymeric materials are not suitable for manipulating light 
because their low refractive indexes do not meet the requirements for generating the photonic 
bandgap. Therefore, LBL polymeric structures are used as molds for ceramic suspensions of 
relatively high refractive indexes to make working photonic crystals. One of the soft 
lithography techniques, MIMIC, micromolding in capillaries, was first investigated for the 
ceramic infiltration. [24] 
 
Figure 13: Schematics of MIMIC infiltrating patterned PDMS stamp (Courtesy of Henry Kang)  
 
However, for polymeric molds with feature size at around 1µm, the ceramic 
infiltration process is extremely slow and can stop when the infiltration is only partially 
complete. In order to overcome such obstacles, Whitesides et al [26] proposed a novel 
micropatterning technique, namely, vacuum-assisted MIMIC to achieve rapid and complete 
filling of micropatterns via capillary forces. The mold used was one-layer PDMS mold 
(Figure 13) grating on Si substrate. The channels are 25µm wide, 50µm high and 2cm long. 
The infilling material was UV-curable PU prepolymer with viscosity of ~100cPs. Without 
vacuum, it took 30 minutes or longer to fill the channels and the filling was not always 
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complete. When 10 torr vacuum was applied, the liquid prepolymer completely infiltrated the 
mold within 15 seconds. Later, Ahn and Moon successfully advanced the technique to make 
ceramic microstructures using colloidal suspension with high solid loadings and named it 
vacuum-assisted microfluidic lithography (µFL). [27] Structured PDMS stamps on the Si 
substrate were used as molds. The infilling ceramic materials were Al2O3 and NiO colloidal 
suspensions. Well-defined line structures were produced. (Figure 14) 
 
Figure 14: SEM image of ceramic structure composed of Al2O3 and NiO microlines with 50µm width on the Si 
substrate fabricated by the vacuum-assisted microfluidic lithography [27] 
 
 The authors state that the ceramic fluidic flow in the microchannels is governed by 
the pressure gradient and fluidic resistance and can be described by 
R
P
Q
∆
=   Equation 1 
Where Q is the flow rate, ∆P the pressure drop across the channel, and R is the fluidic 
resistance in the channel. The resistance of a rectangular channel with high aspect ratio can 
be expressed by  
3
12
wh
L
R
η
=    Equation 2 
Where η is the fluid viscosity, L the channel length, w is the channel width, and h the channel 
height. Applying higher vacuum promoted longer infiltration distance due to greater ∆P 
induced regardless of the type of the suspensions. Narrower channels will result in higher 
fluidic resistance and decrease the flow rate at a given vacuum level. The authors also found 
that the aqueous Al2O3 suspensions allowed better infiltration than ethonalic suspensions.  
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EXPERIMENTAL APPROACH 
 
 In order to fabricate LBL photonic crystals with high dielectric contrast, ceramic 
materials in aqueous are used to infiltrate the multi-layered PU molds prepared by the 2-P 
µTM technique. Titanium oxide (TiO2), titania, can be used as the infilling material. The 
slurry infiltration is chosen over other possible advanced techniques such as Chemical Vapor 
Deposition (CVD) and Atomic Layer Deposition (ALD) is because it is easy and cost-
effective. The PU mold can be surface treated to improve its wettability or a vacuum-assisted 
pressure-driven microfluidic flow method can be used for better slurry infiltration. After 
slurry infiltration, samples are sintered at high temperature to remove the PU. The negative 
of the polymeric structure is produced with crystalline titania to give a considerably higher 
dielectric contrast. Figure 15 shows the flow chart of the experimental procedure.  
 
Figure 15:  Flow chart for the experimental procedure 
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A. Polymeric Mold Fabrication 
  
The 2-P µTM technique was employed to make LBL woodpile structured PU molds. 
The master used to make PDMS stamps was constructed by forming parallel photoresist bars 
on a silicon wafer. The bar dimensions were 1µm x 1µm x 4mm (width x height x length) 
with a line-to-line spacing (periodicity) of 2.5µm. The patterned area was 4mm
2
, which 
contained 1600 bars. In order to make the PDMS stamp, two PDMS prepolymers, the silicon 
rubber base and the curing agent (Sylgard™ 184 from Dow Corning), were mixed in a 
weight ratio of 10:1 for 5-10 minutes and then poured onto the master. The liquid mixture on 
the master was then thermally cured in an oven at 60ºC for three hours to become solid by 
cross-linking. The rigid PDMS stamp was peeled off from the master and had a negative 
replicated structure (channels) of the patterned area of the mater.  
 After the PDMS stamp was prepared, the 2-P µTM technique was applied to make the 
multi-layered PU mold. A drop of PU prepolymer (J-91, Summers Optical) was first placed 
just outside of the patterned area of the PDMS mold. The PU drop was dragged over and 
across the patterned areas with a metal blade controlled by mechanical actuators along the 
channel direction at a constant speed. The PU prepolymer only filled the channels of the 
PDMS stamp without leaving any residue on top of the surface, and the filling technique was 
given the name “wet-and-drag” (WAD). The PU prepolymer was initially cured under high-
intensity UV exposure for 4 minutes, and after it was partially solidified, a second PA 
prepolymer (SK-9, Summers Optical) was applied onto the PU-filled PDMS surface with the 
same WAD process. The PA selectively wet the PU and served as a bonding material for the 
PU. A substrate, a cover glass, was placed on top of the PU-filled, PA-coated PDMS stamp. 
The sample was then further cured in another low-intensity UV chamber for 1 more hour. 
After the low-intensity UV exposure, the two prepolymers permanently solidified and 
adhered to the substrate. When the PDMS stamp was peeled off, the PU microbar structure 
remained on the substrate and a one-layer woodpile structure was created. Another layer of 
PU bars was made by repeating the same process, and a two-layer structure was created by 
stacking the second layer on top of the one-layer structure, with the bar direction orientated 
so that the second layer was rotated 90º with respect to the first layer. In the same way, a 
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three-layer was made and the third layer was perpendicular to the second layer but parallel to 
the first one. A four-layer LBL structure was created with the adjacent layers at 90º and the 
second neighboring layers were parallel to each other. Laser diffraction pattern and moiré 
pattern examination techniques were used to better align the layers. (Figure 16) 
 
 
Figure 16: SEM image of a 4L PU LBL mold 
 
 For the purpose of making the PU mold suitable for the slurry infiltration and spin-
coating process, a polymeric sacrificial layer, AZ6612KE photoresist, was initially 
spincoated onto the cover glass slide substrate. To ensure the adhesion of the photoresist to 
the cover glass, HMDS promoter was used. The spin-coating conditions were 4000 
revolutions per minute (rpm) for 60 seconds for the promoter and 2000 rpm for 60 seconds 
for the photoresist. 
  
 
B. Surface Modification of the Polymeric Molds 
 
Because PU has relatively low surface energy, the titania slurry cannot be fully 
infiltrated into the PU molds by capillary forces alone. Therefore, in order to improve the 
slurry infiltration, other approaches are considered, including improving the wettability of the 
PU by surface modification. One of the potential methods for Polyurethane surface 
modification is the UV ozone (UVO) treatment.    
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PU films were prepared by spin coating the PU solution on Corning® cover glasses 
(No.2, 22mm sq.) at a spin speed of 3000-4000 rpm for 1 minute. Multiple spin-coatings 
were sometimes needed to produce smooth films. The PU films were immediately placed 
into a low-intensity UV curing machine (ELC-500 Light Exposure System, Electro-Lite 
Corporation) for at least 3 hours for complete curing. After the curing, the PU films were 
placed in a UVO chamber (Model No.342, Jelight Company Inc.) at a distance 5mm below 
the UV light source for different treatment UVO treatment times to examine the effect on the 
surface of the PU films. The interior of the chamber was held at 1 atm pressure, 20ºC, and 
50-60% humidity. For each treatment, the chamber was pre-run for 5 minutes to achieve 
ozone gas and UV light saturation in the chamber. After the pre-run, while the ozone gas 
content in the chamber remained at saturation level and the UV light power reached its 
saturation point, the PU films were immediately placed into the chamber for the UVO 
treatment. During treatment, an air pump was running in order to maintain a steady ozone 
saturation level. After the treatment, PU films were immediately placed on the sample stage 
of the contact angle measuring system, shown in Figure 17, for static direct sessile contact 
angle measurements. A micropipette with disposable tips was used to place liquid droplets 
(~1µL) onto the surface of the films. Digital photos of the droplet profiles were taken with a 
video camera, which is attached to the optical microscope (X60), within 10 seconds of the 
droplet placement. Multiple droplets were placed on the same PU film and measured under 
the same UVO conditions. A back LED diffuse light source was provided to illuminate the 
profile of the liquid droplet. The microscope was tilted downward (~2º) from the horizon so 
that the reflection of the droplet profile was in view. [28] This was done in order to create a 
cusp at the air-liquid-solid phase intersection so the tangent to the droplet profile can be 
drawn to determine its contact angle on both sides. Distilled water and Diiodomethane (99%, 
Sigma-Aldrich) liquid were used for the contact angle measurements. The contact angles of 
the liquid droplets in the digital photos were measured using the Quartz PCI software. Using 
the “angle measuring tool” in the software, the tangents to each side of the droplet were 
drawn and the value of the angles was calculated by the software. 
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Figure 17: Contact angle measuring system  
                    
C. Slurry Preparation and Infiltration 
  
In order to successfully transport the ceramic titania material into the micro-sized 
polymeric mold, titania slurry was prepared by mixing nanosized titania particles in aqueous 
solution. The infiltration of the slurry was done by the vacuum-assisted pressure-driven 
microfluidic flow The as-received titania nanoparticles (NanoTek® Titanium Dioxide, 
Nanophase Technologies Corp.) had nearly-spherical shape and an average size of 34 nm. 
The particles contain both anatase and rutile phases with the majority phase being anatase. 
The concentration of the slurry was 20%wt. of solid particles in DI (de-ionized) water. After 
the slurry was prepared, it was agitated in an ultrasonic bath for at least 5 hours to disperse 
the nanoparticles in the aqueous solution.  
The slurry was extracted by a needle syringe, and the needle was then removed and 
replaced with a 0.22 µm syringe filter before placing solution droplets on the PU mold. The 
use of the filter was to prevent large ceramic agglomerates from inhibiting the infiltration 
process. After placing ~5 drops of the titania slurry on the PU mold, the mold was totally 
submerged in the slurry and was put into a vacuum chamber. Then, vacuum was applied to 
extract air within the mold structure to allow the slurry to be drawn into the structure. After 
the vacuum, more titania was spincoated onto the PU mold until homogenous ceramic 
surface was achieved. The infiltration progress was examined and determined using a 
reflectance microscope. After infiltration, the sample was dried in an oven at 60 ºC for one 
day. A razor blade was used to scrape off excess titania and photoresist on the glass substrate 
around the sample area. A silicon substrate of a comparable size to the PU mold structure 
was put on a piece of PDMS on a glass slide, then a tiny drop of PU liquid was placed on the 
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silicon substrate, and the dried sample was pressed firmly to transfer the structure to the 
silicon substrate. The sample was then placed in a point-contact mounting stage and put into 
a low intensity UV chamber to cure the liquid PU for 3 hours to form the second backplane. 
After curing, the sample was placed in the isopropanol solution to dissolve the photoresist, 
and glass substrate was separated and carefully removed from the sample, leaving the sample 
on the silicon substrate. Then the sample was left to dry in air for one day. The entire 
infiltration process can be illustrated by Figure 18. 
 
Figure 18: Current experimental procedure with vacuum-assisted TiO2 slurry infiltration process 
Placing TiO2 slurry drops 
and vacuum-assisted 
colloidal infiltration at 30 Torr 
LBL polymeric 
mold 
fabrication 
Spinning off excess TiO2 
at 4000rpm for 1min, 
multiple spins 
Attaching second 
substrate (Si) using 
PU as adhesive 
Dissolving photoresist in 
Isoproponal and 
detaching the glass 
substrate 
Sample sintering and 
polymer removal 
Applying TDBP 
adhesive 
 
Flipping sample upside 
down 
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D. Sample Drying and Sintering  
 
Heat treatment is required to remove the PU pattern and to densify the inverse TiO2 
structure. After infiltration and drying, the samples are to be sintered in a furnace under the 
following sequence: 
 
1. Ramp time: 8 hours, from room temperature to 550ºC 
2. Soak time: 5 hours, at 550 ºC 
3. Ramp-down: system controlled cooling 
 
* A tiny drop of 2.5%wt. TDBP was placed on to the fired structure to adhere the titania 
structure to Si substrate. 
 
E. Sample Characterization 
 
The samples are characterized to examine the sample structure as well as its optical 
properties. An optical microscope was used to inspect the sample before sintering. Scanning 
electron microscopy (SEM) was used to examine the titania structure at much higher 
magnification to reveal the shape of each microbar. Optical data such as FTIR transmission 
and reflection spectra were collected to locate and examine the photonic band gap effect. 
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 RESULTS AND DISCUSSION 
A. Surface Modification of Polyurethane Films   
 
 Values of average contact angles for two liquids, distilled water and diiodomethane, 
on PU films with various UVO treatment times are shown in Table 1. The UVO treatment 
times were chosen at 0, 10, 20, 40, 60, 80, 100, 300, and 600 seconds. Each sample was only 
treated once for the given treatment time. At least three data sets (three droplets) were taken 
for each sample, which consisted of both left and right angles. The values of the contact 
angles are the averages of all data at each UVO treatment time taken in degrees. Hence, there 
were at least six contact angle values for each UVO treatment time. 
The contact angle of a distilled water droplet is 71.04º on the PU surface before any 
UVO treatment. Therefore, the PU surface is hydrophobic without surface modification and 
distilled water only partially wets the surface, as shown in Figure 19. When the PU surface is 
UVO treated, its contact angle decreases. It was found that as the UVO treatment time was 
increased, the contact angle of distilled water decreases continuously. Therefore, the PU 
surface becomes less hydrophobic and more hydrophilic. In contrast, before UVO treatment, 
the contact angle is 17.2º for the diiodomethane liquid. Hence, diiodomethane would wet the 
PU surface well without any surface modification. However, after UVO treatment, the 
contact angle for diiodomethane increases. The standard deviation of each data set was 
within 2º for distilled water and 1º for diiodomethane. 
 
 
 
Figure 19: Distilled water droplet profile on an untreated PU film 
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    Table 1: Average values of contact angles (degrees) on PU films with different UVO treatment times 
UVO time 0sec 10sec 20sec 40sec 60sec 80sec 100sec 300sec 600sec 
Liquid          
Distilled water 71.04 49.21 48.61 43.40 33.76 25.23 16.84 17.17 17.64 
Diiodomethane 17.20 46.80 48.95 48.34 46.64 43.30 41.61 40.06 39.95 
 
 
Figure 20 shows the trends of the contact angle for the two liquids. For both liquids, 
it is seen that even at very short UVO treatment time (10 seconds), the change of contact 
angles can be significant (~22º decrease for distilled water and ~30º increase for 
diiodomethane). This is because when PU films were first placed into the chamber, the 
surface of the films was exposed to the saturated ozone gas environment, and the ozone 
would readily react with the PU surface and change its surface chemistry immediately. For 
distilled water specifically, as the treatment time is increased to 20 seconds, the trend persists 
but at a greatly reduce rate. This indicates that the ozone effect on the PU surface takes place 
very quickly and reaches its maximum within 20 seconds. This also shows the ozone gas 
effect may not be proportional to the ozone exposure time. When the UVO treatment times 
are between 20 seconds and 100 seconds (Figure 20 Insert), the contact angles of distilled 
water droplets decrease gradually in an approximately linear fashion. This is contributed by 
the UV light, which can also alter the surface chemistry of the PU, because the dose of UV 
light in the chamber is linearly proportional to time. When UVO treatment is shorter than 20 
seconds, the ozone effect dominates so this linear relationship is not seen from the plot. 
When the treatment times are between 20 seconds and 100 seconds, the ozone no longer has 
influence on the PU surface, and only UV effect are evident showing a linear trend. At UVO 
times greater than 100 seconds, the PU surface has been fully reacted with both ozone and 
UV light, and the contact angles remain constant at 17º (Figure 21). For diiodomethane at 
UVO treatment times shorter than 20 seconds when ozone effect dominates, the contact 
angles will increase with respect to treatment time and reach the maximum value of 48.95º at 
20 seconds. This shows the ozone gas has the maximum effect on the PU surface at 20 
seconds, and the ozone weakens the wetting characteristics of diiodomethane on PU surface. 
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However, for the 20 second to 100 second regime, the contact angle results show a similar 
linearly decreasing trend as in distilled water as the treatment time increases, but the 
decreasing rate is slower than that of distilled water. This indicates that when the PU is 
treated by UV light, diiodomethane also becomes more wetting on the PU surface. At UVO 
times greater than 100 seconds, the PU surface is fully treated and the contact angles 
approach a constant value at 40º.   
  Therefore, it can be concluded that there are three stages in UVO treatment on PU 
surface where in the first stage the ozone effect dominates, in the second stage ozone effect 
terminates and linear UV effect shows, and in the third stage the PU surface is fully treated. 
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Figure 20: Contact angles of Distilled water and Diiodomethane on PU films (Insert shows the middle regime 
when UVO time is between 20 and 100 seconds) 
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Figure 21: Distilled water droplet on 300sec UVO treated PU film 
 
From Young’s equation, Owens and Wendt [29] derived and proposed a general 
equation for calculating the surface free energy of solids, specifically, for low surface energy 
materials such as polymers. From the equation, the surface tension at the solid-liquid 
interface, γsl, is not required for the calculation. 
 
)(2)(2cos1
lv
h
lvh
sv
lv
d
lvd
sv
γ
γ
γ
γ
γ
γθ +=+   Equation 3 
  
Where γlvd, and γlvh are the dispersive component (non-polar), hydrogen bonding (polar) 
component of the surface energy of a given liquid against vapor, respectively (γlv = γlvd + γlvh ), 
and γsvd, γsvh are the dispersive component and hydrogen component of the surface free energy 
of the solid against vapor. The dispersive component is contributed by the dispersive van der 
Waals forces between the liquid and solid, and the hydrogen component includes 
nondispersive forces such as polar forces and hydrogen bonding forces. Additionally, γsv = 
γsvd + γsvh. Since the component and the total surface free energy values are known for both 
liquids (Table 2), and the contact angles for both liquids on PU films at different UVO 
treatment time was measured, it is possible to calculate the surface energy of the PU film at 
any given UVO treatment time. Figure 22 shows the plot for the dispersive component, the 
hydrogen component and the total surface energy values for PU films treated at different 
UVO times. The hydrogen component of surface energy is 5.36mN/m for PU surface and the 
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dispersive component is 46.1mN/m, therefore, the total surface free energy is 51.46mN/m 
when the PU film is not treated. The small hydrogen component value of PU indicates that 
there is only little amount of high-energy hydrogen bonds on the PU surface. Therefore, 
when it is in contact with a polar liquid such as water, the liquid does not wet the surface well. 
In contrast, because of the high dispersive component value, diiodomethane (non-polar) will 
wet the surface favorably. It is shown that once the UVO treatment begins, the ozone effect 
in the beginning of the treatment leads to a significant increase in the hydrogen component 
values and significant decrease in the dispersive component values. Because of the highly 
reactive ozone gas, chain scission of PU polymer at the surface takes place very quickly and 
the long polymeric chains are broken. A significant number of high-energy polar ends of the 
broken chains are generated and exposed on the surface. This results in better wetting 
characteristics with distilled water and smaller contact angles will result. In contrast, when 
the surface is in contact with diiodomethane, which is a non-polar liquid, it becomes less 
wetting. As more high-energy polar ends are generated, the number of unbroken long chains 
on the PU surface decreases. Thus, the dispersive component of surface energy decreases.  
  
 At the middle time regime (20 – 100sec) where the UV light effect takes place, the 
linearly increasing trend of the hydrogen component (23.2 – 39.1 mN/m) corresponds to the 
linearly decreasing contact angle values for distilled water, and the linear increasing trend of 
the dispersive component (30.1 – 32.5 mN/m) corresponds to the linearly decreasing contact 
angle values for diiodomethane.(Figure 22) Increase in both components suggests that the 
UV light improves both van der Waals interactions and hydrogen bond interactions between 
the solid and liquid.  
 At longer UVO treatment time, each component approaches a constant value, which 
indicates that the PU surface has been fully treated by both ozone and UV light, and the free 
energy values for each component will no longer increase. 
  When the two components are added, the total value of the surface free energy 
increases linearly and reaches the constant value of 71.5mN/m after 100 seconds, when the 
PU surface is fully treated. Table 3 lists all the numerical results. 
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Table 2: Surface tensions (in mN/m) of the two testing liquids
12
 
Liquid  γlv γlvd γlvh 
Water  72.8 21.8 51.0 
Diiodomethane 50.8 50.4 0.4 
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Figure 22: Surface energies of PU films at different UVO times 
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Table 3: Surface energies PU films at different UVO time 
UVO time (sec) γsvd  (mN/m) γsvh (mN/m) γsv (m N/m) 
0 46.10 5.36 51.46 
10 31.33 23.23 54.56 
20 30.05 25.03 55.08 
40 30.16 27.14 57.30 
60 30.52 32.75 63.27 
80 31.87 36.20 68.08 
100 32.45 39.08 71.52 
300 33.22 38.42 71.64 
600 33.29 38.22 71.51 
 
 
Further study has shown that the UVO treatment on PU surface is not permanent. 
Experiments showed that when the fully treated samples were stored in ambient conditions 
for 10 days after the UVO treatment, the contact angle of water on a PU film would increase 
to about 30 degrees. This indicates that there is a recovery process takes place for the PU 
surface to become less wetting. Additional experiments were also conducted for one-layer 
PU mold (2.5µm pitch) made by micro-transfer molding (µTM) technique of the soft 
lithography with distilled water. It was shown that on the structured non-treated one-layer PU 
mold, superhydrophobicity occurred and the contact angle of a water droplet was about 140 
degrees. When sufficient UVO treatment was done on the mold, the water droplet collapsed 
and was pulled into the channels because of the improvement on the wetting characteristics 
of the PU mold. This suggests that there should be future studies on the infiltration of 
aqueous slurry into 3-D polymeric structures at micro-sizes, and that such studies will 
contribute to making micro-size ceramic photonic band gap (PBG) crystals in a more 
effective and economical way. 
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B. Characterization of Photonic Crystals  
 
3D LBL Structure via vacuum-assisted Slurry Infiltration  
 
Before the investigation of an alternate method, the LBL photonic crystals were 
fabricated using a simple direct printing technique. (Figure 23(a), (b)) Even though a 4-layer 
structure was obtained, the ceramic bars were distorted due to the pressing during the direct 
printing and ceramic infiltration process. In addition, the bars were not straight, the 
dimensions were not well-defined, and excess material is present between the bars. These 
effects could be caused by the distortion during the direct printing process or overflow of the 
ceramic slurry from the channels of the PU mold.  
                                                         
                                                                
Figure 23: SEM images of 4 -layer LBL TiO2 PBG structure after firing to 550ºC with periodicity of 2.5µm by 
slurry direct printing (courtesy of Henry Kang)   
 
In the present process of making multi-layered dielectric PBG photonic crystals, it 
was found that the surface treatment for the PU molds could only change the wetting 
characteristics of the PU microbars of the first layer. For the purpose of slurry infiltration, 
this is not sufficient since the surfaces of the PU microbars in subsequent layers within the 
structure comprise a significant fraction of surfaces and dominate the infilling process. A 
different approach, a vacuum-assisted pressure-driven flow technique, was examined and it 
was found that this alternative was more efficient and direct. Following such approach, 
multi-layered ceramic photonic crystals were successfully fabricated with large working 
areas.  
(a) (b) 
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Before vacuum-assisted colloidal infiltration, a 4L PU mold was fabricated on a 
photoresist-covered glass substrate. (Figure 24(a)) When the titania slurry was placed on top 
of the mold and vacuum (30 Torr) was applied, the mold was first partially filled with the 
colloidal slurry after the sample was also spun on the spin coater for 4000rpm for 60 seconds. 
(Figure 24(b)) Additional spin-coating processes were carried out to fill the top layers of the 
sample and to increase the thickness of the titania slurry film. (Figure 24(c)) Finally, the 
whole PU mold was completely filled to the top layer and a thin overlayer was also created. 
(Figure 24(d))  
 
Substrate
photoresist
Substrate
photoresist
 
 
 
Substrate
photoresist
Substrate
photoresist
 
Figure 24: Schematics of a 4L titania LBL PBG structure (a) before vacuum-assisted infiltration, (b) after 
infiltration and spin-coating for the first time, (c) in the middle of the infiltration, and (d) at the completion of 
the infiltration. 
 
  
 
 
(a) (b) 
(c) (d) 
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One key parameter required for vacuum-assisted infiltration is how many times the 
spin-coating processes must be repeated to complete the infiltration. It is possible to evaluate 
this by measuring the visible reflection spectra of the sample before and after the infiltration 
and each spin-coating process. As shown in Figure 25, before the infiltration, the PU mold 
reflected the light irregularly over the visible range and the average intensity of visible light 
(400nm to 900nm) is around 4.5%. Once the slurry was infiltrated into the PU mold assisted 
by vacuum and spin-coating, the intensity of the reflection was immediately lowered to about 
2%. Additional spin-coating processes didn’t change the overall intensity of the spectrum. 
The average intensity stayed at about 2% until the 8
th
 spin-coating time, at which the average 
intensity of the reflection was increased to 5-6%. This indicated that the mold was 
completely filled with titania slurry and the top surface of the sample was relatively flat. The 
flat top surface results in the sudden increase in the reflection intensity. Therefore, the spin-
coating infiltration process could be stopped at this point, providing a simple but effective 
technique to identify the point at which the slurry infiltration was completed. 
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Figure 25: Reflection spectra in visible range (from 400nm to 900nm in wavelength)of the sample top surface 
to show the filling progress of the LBL PBG structure by vacuum-assisted colloidal infiltration and spin-coating. 
Complete infiltration was achieved at 8
th
 time, where the reflection intensity was significantly increased from 
about 2% to 5%  
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After the slurry infiltration, the sample was inverted and transferred to a silicon 
substrate with a PU adhesive layer. The first substrate was removed by placing into an 
isopropanol solution to dissolve the photoresist sacrificial layer. The sample was fired to 
550ºC to remove the PU mold and the adhesive layer. A tiny drop of 2.5%wt. TDBP was 
placed on to the fired structure to adhere the titania structure to Si substrate. (Figure 18) The 
sample was examined using SEM microscopy (JEOL 840A SEM).  
 
     
     
     
Figure 26: SEM images of a 4L LBL titania PBG structure with the FCT alignment fired to 550ºC  
 
A cross-section of a 4L titania LBL photonic crystal after firing is shown in Figure 
26(a) at a 60º viewing angle. It was found that the surfaces of the first layer titania bars were 
very smooth and flat and the bars are straight. Furthermore, from both views of the cross-
section of the fist layer and the sidewall of the second layer, it was confirmed that the shape 
of the bars remained rectangular as the inverse of the PU mold. The rectangular shape of the 
bar cross-section is better seen in Figure 26(b). The topview of the sample is shown in 
(a) (b) 
(c) (d) 
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Figure 26(c) and (d). The top width of the bar was about 1.02µm, and the periodicity was 
2.65µm. The height of the bars was estimated to be approximately 1.25µm. The underlying 
layer resulting from the spin-coating process was less than 400nm in thickness. This is very 
close to the original periodicity of the PU mold. Therefore, the overall structure had almost 
no shrinkage during firing. No cracks were observed on the bars, so it was concluded that the 
sample was very homogeneous. The bars appeared very straight and no sagging or distortion 
was encountered as in Figure 23(b). Hence, a rigid structure was achieved.  
 
4L titania LBL PBG structure study by SEM and FTIR microspectroscopy 
Another 4L titania LBL sample was prepared for FTIR microspectroscopy 
measurements. A gold mirror was used as the background reference for taking the reflection 
spectra. Two distinctive alignments of the sample, the FCT and simple tetragonal (Figure 
27(a), (b)), were investigated.  
 
 
Figure 27: Schematics of two distinctive 4L LBL PBG structures: (a) FCT and (b) tetragonal structure 
 
The theoretical reflectance spectra were calculated and are shown in Figure 28. Both 
reflectance results and the calculation show the same characteristic peak at about 5.5-5.6µm 
in wavelength for both alignments, which corresponds to the main photonic band gap of LBL 
structures with a periodicity of 2.5µm. Furthermore, the simple tetragonal alignment gives an 
additional peak at around 4.1µm. This specific peak is used to locate different alignments on 
a LBL PBG structure. The large peak at 9.4µm is the result of the ceramic thin film effect of 
the structure, which has an overall thickness about 4-5µm. This indicates that at mid-IR range, 
a photonic band gap exists, even though the intensity of the reflectance was only 0.4 at the 
peak for a 4L structure.    
(a) (b) 
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Figure 28: Theoretical reflection spectra for the FCT and tetragonal alignments in a 4L LBL titania PBG 
structure by calculation, a=2.5um, w=1.32um, h=1.25um (Courtesy of Yong-Sung Kim) 
 
 
The experimental spectra of the PBG structure were taken with the HYPERION 3000 
Infrared Microscope connected to Bruker IFS 66v/S FTIR Spectrometer and the results were 
compared to the calculations for each alignment (Figure 29 (a) & (c)). The titania structure 
was also investigated using SEM microscopy (Hitachi S-2460N VP-SEM) (Figure 29 (b) & 
(d)). The spectroscopic characteristic peaks were shifted to the left with respect to the 
theoretical spectra. For example, for the main peak of the tetragonal structure, they moved 
from 5.6µm to 5.4µm, but the position of the simple tetragonal alignment peak remained 
unchanged. For the FCT structure, the main peak position moved from 5.5µm to 4.8µm. It 
was thought that the change in the main peak position was caused by the difference in the 
LBL periodicities and the difference between the titania bar widths. While the calculations 
were based on 2.5µm periodicity and 1.32 bar width, the actual structural periodicity was 
2.40µm and bar width was 0.9µm. For each experimental spectrum, there is a noticeable dip 
at 9µm. This is due to the absorption of the IR light by a thin silicon dioxide layer grown on 
the silicon substrate when silicon was exposed in air.  
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Figure 29: Comparison between (a) the theoretical calculation reflection spectrum and the experimental one 
and (b) the SEM image of the tetragonal alignment of a 4L LBL anatase PBG structure fired to 550ºC, (c) 
comparison between the theoretical calculation reflection spectrum and the experimental one and (d) the SEM 
image of the nearly FCT-aligned site of the 4L LBL titania PBG structure fired to 550ºC  
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Phase study of Titania PBG structures by SEM microscopy 
 
The SEM images of a 2L structure after being fired to 800ºC at different 
magnifications with JEOL 840A SEM microscope are shown in Figure 30(a) and (b). They 
clearly show that on the edge of a microcrack, the titania bars and underlayer were coarsened, 
and some grain growth had taken place as would be expected since grain growth is a strong 
function of temperature. This also suggests there is likely to be a phase change when the 
firing temperature was elevated from 550ºC to 800ºC. XRD studies were carried out to 
examine the phase change. Figure 30(c) shows a 4L titania LBL PBG structure fired to 
800ºC. The sample experienced significant shrinkage and the dimensions of titania bars are 
smaller than that of the sample fired to 550ºC (Figure 30(d)). The residue on the surface of 
the bars is from the excess TDBP applied to promote enough adhesion of the sample to the Si 
substrate. Nevertheless, the bars and the underlayer appear to have a coarser grain structure 
than the sample fired to 550ºC. 
 
 
Figure 30: SEM images of (a), (b) 2L and (c) 4L titania LBL PBG structure fired to 800ºC, and comparing with 
the structure (d) fired to 550ºC 
(c) (d) 
(a) (b) 
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XRD studies of TiO2 nanopowders and slurries 
 
XRD studies were performed (Scintag XGEN – 400) for different starting materials, 
which included as-received TiO2 nanopowders, fired to 550ºC, and fired to 800ºC, and titania 
slurries fired to 800ºC and to 1100ºC. The XRD spectra (20º - 60º) are shown in Figure 31. 
The spectra show the characteristic peaks of anatase phase at 25.3º, 37.8º, and 48.0º for as-
received powders and sample powders fired to 550ºC. For sample powders and slurries fired 
to 800ºC and 1100ºC, the main peaks are at 27.4º, 36.1º, 41.2º, and 54.3º. These peaks are 
those of rutile phase. Zhang et al [30] also found similar results in their experiment for 
titanium dioxide nanopowders fired to 550ºC and 800ºC. They confirmed that when the 
calcination temperature is lower than 550ºC, the material is in anatase phase. If the 
temperature is raised up to more than 550ºC, the phase transformation will begin and the 
material changes to the rutile phase. Phase transformation from anatase to rutile is complete 
at 800ºC.  
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Figure 31: XRD spectra of TiO2 nanopowders and slurries fired to different temperatures 
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The FTIR microspectroscopy measurement was also performed for the 4L titania 
LBL PBG crystal which was fired to 800ºC to form the rutile phase. The reflection spectrum 
for the FCT site is shown in Figure 32 and is compared to that of the 4L photonic crystal 
fired to 550ºC (anatase phase). It can be seen that, below 15µm, the main photonic bandgap 
peak and the titania thin film effect peak are located approximately at the same positions for 
both phases. However, the absolute value of intensity of the photonic bandgap peak at around 
5µm was significantly increased from 0.37 to 0.53. The reason for this increase is because the 
refractive index of rutile phase is 2.9 and considerably higher than that of the anatase phase, 
which is only 2.5. If other parameters are identical, photonic crystals with higher refractive 
indexes will have larger bandgap, and this is reflected in the increase in the reflection 
intensity. In addition, since there is shrinkage of the structure when fired to 800ºC, the filling 
ratio of the ceramic material is lower, and this can also result in larger photonic band gap. 
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Figure 32: Reflection spectra comparison of 4L titania LBL PBG structure of anatase phase and rutile phase   
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6L titania LBL PBG structure    
      
     
Figure 33: SEM images of 6L LBL titania PBG structure after firing at 550ºC 
  
 Following the same experimental procedures for making 4L LBL PGB structures, 
higher multilayer LBL structures were fabricated with relatively high sample quality as well 
as large domain size. (Figure 33(a) & (b)) It should be pointed out that the PU mold used for 
the 6L photonic crystal fabrication was different and it had a trapezoidal bar cross-section. 
Therefore, the resultant ceramic structures retained this trapezoidal shape. The top and 
bottom widths of the trapezoid were 1.22µm and 1.51µm and the height was around 1.22µm. 
(Figure 33(c)) However, the periodicity was measured to be 2.50µm, which is identical to 
the initial periodicity of the PU mold. In Figure 33(d) the top view of the sample showed that 
the bars were less straight than the 4-L sample and were distorted in some regions, which 
could be the reason for larger periodicity (2.54µm) of the first layer. Such distortion might 
have resulted from the compressed and distorted polymeric bars when fabricating the 6-L PU 
mold before infilling the slurry. The spacings between bars were measured to be about 
(a) (b) 
(c) (d) 
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1.07µm and 1.13µm. The third layer can also be observed in the picture. Figure 33(a) shows 
that the sample was still relatively smooth and flat. Nevertheless, a few small cracks could be 
observed on and across the ceramic microbars.  Figure 33(b) shows a tilted view of the 
structure with near FCT alignment, while Figure 33(c) provides a closer look at a cross-
sectional area which has the simple tetragonal arrangement of the LBL photonic crystals. In 
general, the 6-L sample was still homogenous and retained its overall rigidity. However, 
some grain coarsening was observed within the bars, possibly due to packing or grain growth 
during firing. 
 
8L titania LBL PBG structure and its reflection results  
 
Similarly, an 8L titania LBL PBG structure was successfully made by following the 
same fabrication procedures. (Figure 34(a), (b)) Overall, the sample quality was good, and 
the cross-sectional views show that infiltration was complete from the bottom layers to the 
top layer. The bars are straight, smooth on the surface, and the structure remained in rigid 
form. FTIR microspectroscopy was done for the 8L sample. The reflection and transmission 
spectra were taken and shown in Figure 35. The results show that the main photonic bandgap 
peak is located at 4.8µm, but the intensity was increased to 0.6. This indicates that, as 
predicted by theory, more layers in the LBL PBG structure will result in a larger bandgap and, 
therefore, stronger intensity signal in reflection spectrum. Moreover, the transmission 
spectrum at the same location shows a dip, which is also correspondent to the same photonic 
band gap effect. The thin film effect peak for the 8L sample was divided into two sub-peaks 
at 6.7µm, and 8.7µm.  
 
 
 44 
     
Figure 34: SEM images of 8L titania LBL PBG structure fired to 550ºC 
 
 
Figure 35: The reflectance and transmittance spectra of the 8L LBL PBG structure fired to 550ºC 
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12L titania LBL PBG structure  
One 12L structure was also made via vacuum-assisted colloidal infiltration technique. 
The SEM images (Figure 36(a), (b)) show that the top layers maintain the same structural 
quality as the bottom layers. This indicated that the mold was completely infiltrated during 
the infiltration step. The cross-section shows all twelve layers of the structure were obtained 
by the infiltration, and each layer remained straight and rigid. 
 
Figure 36: SEM images of 12L titania LBL PBG structure fired to 550ºCThe reflection spectrum of the  
 
12L sample shows a significant jump to more than 90%. (Figure 37) The 
transmission data of the structure shows larger dip in the spectra at around 5.05µm. The dips 
correspond to the main peak in the reflection data of the corresponding structures, and the 
magnitude of the dip is increased.  
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Figure 37: The reflectance and transmittance spectra of the 12L LBL PBG structure fired to 550ºC 
(b) (a) 
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Titania LBL PBG structures and their reflection and transmission results  
 
The reflection results are plotted in Figure 38(a) and the transmission results are 
plotted in Figure 38(b) for all samples. It should be noted that both transmission and 
reflection experiments were carried out using a double-polished silicon wafer as the reference. 
The reflection spectrum of the 2L structure does not show a peak but only a flat plateau at 
around 5µm. A peak starts to form at 5µm wavelength for the 4L structure.  The intensity of 
the peak continues to increase as the number of the layers is increased. The reflectance 
intensities for the 8L and 12L structures are increased to 0.6 and 0.9, respectively. Even 
though the main peak locations are shifted with respect to each other, they remain close to 
the 5µm position. For the 2L structure, its transmission spectrum is bulged up at 5µm 
wavelength. However, the spectrum curve is suppressed when the number of layers is 
increased to 4. The suppression is more severe and it becomes a dip for the 8L structure. And 
the dip intensity is decreased further for the 12L structure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38: Comparison of the reflection and transmission spectra of 2L, 4L, 8L, and 12L LBL PBG structures 
fired to 550ºC 
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Figure 39 shows the maximum intensity value of the reflection and the minimum 
intensity value of the transmission at each respective peak and dip positions. The plot shows 
that, as predicted by theory, as the number of layers is increased, the magnitudes of dip and 
peak are increased and decreased progressively. However, no theory has been established 
that the increase in the reflection intensity is linearly related to the number of layers. 
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Figure 39: Peak values of the reflectance and transmittance of different number of layers  
 
 
1µm 1L titania PBG structure  
While photonic crystals at micrometer sizes were successfully fabricated by the 
vacuum-assisted ceramic infiltration technique, efforts were also made to investigate the 
feasibility of such technique at smaller size range for applications optical regime. Figure 40 
shows top views and side view of a 1L titania structure fabricated using the vacuum-assisted 
ceramic infiltration method. The SEM images show this method could be used to make 
photonic crystals at smaller sizes. Figure 40(c) shows the periodicity of the structure at 
around 1090nm and the bar width is around 750nm. However, the side view (Figure 40(d)) 
shows the height of the bars is smaller than the width. This is because the mold used to make 
this 1L structure was made of photoresist and a chemical solution was used to reduce the 
thickness of the photoresist therefore reduced the height of the final structure. While the 
mold used to make such a structure was not adequate to develop a 3-D LBL structure, the 
infiltration method shows promise in making submicron 3-D LBL structures. 
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Figure 40: SEM images of 1L titania PBG structure with 1µm periodicity 
(a) 
(c) 
(b) 
(d) 
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FUTURE WORK 
To achieve higher reflectance, a higher order of LBL titania structure must be 
fabricated, for example, by successfully producing a 16L titania photonic crystal using the 
same fabrication method presented in this thesis. Better results could be achieved by 
controlling the slurry stability and the dispersion of the nano-sized titania particles through 
the addition of an appropriate surfactant. With the large surface area and the semiconducting 
properties of titania, the LBL structure at the currently achievable periodicity scale can be 
used as a proof-of-principle prototype working in IR region to investigate the enhancement 
on the photocatalysis. Doping of nitrogen may be attempted to improve its photocatalytic 
activity. [31] Multilayer submicron LBL PBG structures could produce such photocatalytic 
applications at visible-light range and other optical communication applications. Current soft 
lithography techniques could be used to make multi-layer polymeric mold at submicron 
scales, and the vacuum-assisted ceramic infiltration technique used for the slurry infiltration. 
A UV/VIS/NIR spectrometer or/and other characterization instruments working at the optical 
regime would be required to characterize such LBL structures.  
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